Background: Acute hyperglycemia, hypoglycemia and glycemic variability (GV) have been found to be the three principal domains of glycemic control, which can adversely affect patient outcome. GV may be the confounding factor in tight glycemic control trials in surgical and medical patient. Objective: This study was conducted to establish if there was any relationship between GV and intensive care unit (ICU) mortality in the Indian context. Study Design: A retrospective review of a large cohort of prospectively collected database. Setting: Adult Medical/Surgical/Trauma/Neuro ICU of a tertiary care hospital. Patient Population: All patients who had four or more blood glucose measured during the ICU stay. Outcome: ICU mortality. Result: 2208 patients with a total of 11,335 blood glucose values were analyzed. GV measured by the standard deviation (SD) of mean blood glucose and glycemic lability index (GLI), both were signifi cantly (P < 0.001) associated with ICU mortality. This relationship was maintained (odds ratio (OR): 2.023, 95% confi dence interval (CI): 1.483-2.758) even after excluding patients with hypoglycemia (<60 mg/dl). Patients with blood glucose values in the euglycemic range but highest SD had higher mortality (54%) compared to mortality (24%) in patients above the euglycemic range. Similarly patients with blood sugar values below the average for study cohort and high GLI, another marker of GV had higher mortality (OR: 5.62,) than compared to patients in the hyperglycemic range, refl ecting the importance of GV as a prognostic marker in patients with blood sugar in the euglycemic range. Conclusion: This study demonstrated that high glucose variability is associated with increased ICU mortality in a large heterogeneous cohort of ICU patients. This effect was particularly evident among patients in the euglycemic range.
Introduction
Three domains of glycemic control, acute hyperglycemia, hypoglycemia and glycemic variability (GV) are an important marker of prognostication in critically ill patient. GV may be the confounding factor in the various tight glycemic control studies in medical and surgical patients which did not take this domain of prognostication into account and measured mean blood sugar as their target variable. [1] [2] [3] [4] [5] It is likely that apart from acute hyperglycemia which is an established adverse prognostic factor in many subsets of critically ill, glycemic excursion during intensive care unit (ICU) stay may also become a major indicator of a bad outcome. [6] [7] [8] [9] Observational studies have shown that increased GV measured by various indices is detrimental in acutely ill patients. Hence factors other than mean blood glucose (MBG), like glycemic excursion or glucose variability need to be explored in a heterogeneous ICU population.
Materials and Methods
The study was conducted in Medical/Surgical/ Neuro/Trauma ICU of a 400 bed tertiary care hospital in Eastern India during the period from January 2009 to November 2009. This was a retrospective review of a large cohort of prospectively collected database. Two
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full time dedicated nurses collected data prospectively on every patient. All patients with four or more blood glucoses measured during their ICU stay during the study period were included. A total of 2,528 patients were admitted in ICU from January 2009 to November 2009. 2,208 patients were fi nally included in the analysis. Rest of the patients (n = 320) were excluded because they had less than four capillary blood glucose (CBG) readings during the ICU stay. Diabetic status was not retrieved during data collection.
Blood glucoses were checked as per patient requirement, both by point of care testing, with bedside finger prick capillary glucose measurement and also in central biochemistry laboratory when necessary. ICU nurses had an orientation program which included training in bedside glucose estimation and ICU insulin protocol training during in service as a hospital policy. Interobserver variability was not ascertained during the study. Cross checking with central laboratory was left to physician discretion and this data was not retrieved during analysis. The study was conducted in a semiclosed ICU with mandatory intensivist consult. An ICU insulin protocol was utilized in all patients included in the study thereby limiting heterogeneity of insulin delivery.
A nurse-driven insulin protocol using both subcutaneous and intravenous insulin was followed in the ICU. This protocol has been modifi ed from Yale protocol [10] of insulin infusion. Type of insulin and route of administration was left to the discretion of the treating physician. All patients in shock were treated with intravenous insulin, subcutaneous route was only used in patients who were less sick and in those who has recovered from shock state, prior to transfer to wards.
Demographics of the study population (age, admission diagnosis, acute physiology and chronic health evaluation IV, ICU mortality and ICU length of stay) were retrieved from ICU database which has been collected prospectively. MBG was measured for each patient and GV was calculated as a standard deviation (SD) and glycemic lability index (GLI) [11] of MBG. The SD determines how tightly all the various glucose values are clustered around the mean in a set of data. GLI takes into account frequency of glucose measurement. GLI was measured by the formula GLI = ([mg/dl] 2 /h)/ week. Each consecutive blood sugar difference was calculated and squared (mg/dl) 2 and was divided by the time interval between these two readings. Then, the mean of those values within each week were calculated to compute representative index value for that week. Then, the mean of those representative indices (if stay more than a week) was calculated to obtain the GLI for that patient, frequency of blood glucose estimation was left to the treating physician, but the time of every measurement was recorded in the nursing chart which was retrieved during analysis. Desirable glucose range for the individual patient was left to the discretion of the treating physician.
The entire study cohort was divided into 10 equal deciles (D1-D10) of 200 patients each, in accordance to the value of SD and GLI. For example decile one (D1) had fi rst 200 patients with a SD range in the lowest values (0-8.56) and so forth. This was an unadjusted analysis.
In order to assess the effect of GV across the different range of blood glucose, MBG of the study population was divided into five sub groups of blood glucose in mg/dl (<99, 100-119, 120-139, 140-179, 180-180+). GV measured by SD in each of the fi ve subgroups was divided into quartiles and correlation with mortality was determined. These categories were determined as per Krinsley paper. [12] For the same purpose, patients were also separated into two groups of below and above the median glucose value for the whole cohort and relationship with GLI and mortality was also observed.
As hypoglycemia (CBG <60 mg/dl), has been identifi ed as an independent predictor of mortality, relationship of GV determined by SD was analyzed for association with mortality excluding hypoglycemia patient.
Blood glucose between 40 and 70 mg/dl and <40 mg/dl were associated with increased mortality.
[13] Separate analysis of patient with blood sugar <40 mg/dl was not done. P < 0.05 was considered to indicate statistical signifi cance. Logistic regression models were also used for SD and GLI to check their associations with mortality rates in ICU.
Institutional review board (ethical committee) of study institution approved the study and waived informed consent requirement due to the observational nature of the study.
Results
A total of 2,528 patients were admitted in ICU from January 2009 to November 2009. 2,208 patients were fi nally included in the analysis. Rest of the patients (n = 320) were excluded because they had less than four CBG readings during the ICU stay. Demographics of the study population are given in Table 1 . The average age of the study population was 61 years with equal male and female representation. The predominant patient population was medical, with sepsis and respiratory diseases as major admitting diagnoses. The ICU mortality of the study population was 14% with an average length of ICU stay of 5 days.
A total of 11,335 blood glucose records were analyzed from 2,208 patients during the study period. MBG for each patient with SD and GLI was computed. Patients in lowest decile (D1) with an average SD of 5.7 had the lowest mortality (6%) and patients in the highest decile (D10) with an average SD of 94.48 had the highest mortality (23%). Thus, the deciles (D1-D10) of the study population showed increasing ICU mortality as 6, 6, 8, 8, 13, 12, 18, 22, 21 and 23% respectively with increasing SD in each decile [ Figure 1 ]. The deciles of increasing GLI similarly showed increasing ICU mortality as 5, 7, 5, 9, 12, 11, 19, 21, 24 and 24% respectively in each decile with average GLI 6.34 in the lowest decile (D1) and 24.72 in the highest decile (D10) [ Figure 2 ]. When separate logistic regression models were fi tted to these two indices (SD and GLI) to check their associations with mortality rates in ICU, both the models came out to be signifi cant (P = 0.001). This was an unadjusted risk analysis.
In order to assess the effect of GV across the range of blood glucoses, MBG of the study population was divided into fi ve subgroups in mg/dl (<99, 100-119, 120-139, 140-179 and 180+). Within each subgroup SD was divided into four quartiles and association with mortality was computed. Patients in the highest quartile of SD fared worst when compared to patients in the lower three quartiles of SD across all ranges of blood sugar values. In the patient population with blood sugars in the lowest range (<99 mg/dl) mortality was highest in the fourth quartile signifying GV is more important at lower blood sugar values [ Figure 3 ]. [3, 4] This observation was further confi rmed by correlating MBG above and below the median range with GLI above and below the median range for the whole cohort. Mortality was highest (29%) in the subgroup of patient with GLI above the median and MBG below the median range. (Odds ratio (OR): 5.62: 95% confi dence interval (CI): 3.865-8.198). The mortality was lowest (7%) in patient subgroup with MBG < Median and GLI < Median, signifying tight glucose control along with least variability has the best outcome [ Table 2 ].
In our study cohort 212 patients (9.6%) had hypoglycemia (CBG <60 mg/dl) of which 84 patients died (39% mortality). As previous studies have shown that hypoglycemia was a strong predictor of mortality we reanalyzed the study cohort after excluding patients with hypoglycemia to assess whether GV was an independent predictor of mortality when hypoglycemia was excluded as a confounding factor. 1,996 patient dataset (excluding those with hypoglycemia) were analyzed for MBG and SD The latter was divided into four quartiles. In this cohort also mortality increased from 6, 10, 11, 16% respectively with rising SD, a result similar to the whole cohort. The relation with mortality reached statistical signifi cance (OR: 2.023, 95% CI: 1.483-2.758) in the highest quartiles of SD [ Table 3 ].
Discussion
Studies on glucose control in ICU have historically used control of mean or morning blood sugar as their therapeutic target. Discordant results from various glucose control studies in ICU population, has shifted attention towards GV as a potential confounding factor in these studies GV has been found to be detrimental in chronic ambulatory diabetic patient population [14] but its adverse effect in an acute situation has not been well appreciated. It has been shown that rapid fl uctuations of blood glucoses increase oxidative stress and is more detrimental than sustained hyperglycemia. [15] Apart from oxidative stress GV can also induce neuronal damage, mitochondrial damage and increase coagulation activity, which are detrimental to acutely ill patient. [16] Previous studies of GV in acutely ill have been conducted in various patient populations and have used different indices of GV. [17] Meyfroidt et al. [18] in a retrospective study, analyzed Leuven database and noted SD of blood glucose in medical/surgical ICU patient to be significantly associated with hospital mortality irrespective of blood glucose level.
Hermanides et al. [19] studied SD and mean absolute glucose in another retrospective study and found these to be signifi cantly associated with ICU and Hospital mortality which was more evident in patients with high MBG. Krinsley [12] in a retrospective chart review in a large heterogeneous ICU population inferred that GV measured as SD was a strong independent predictor of ICU mortality and was more evident in the euglycemic range. They showed a fi ve-fold mortality difference comparing patients from the lowest and highest quartiles of GV within the "best" glycemic range (MBG 70 mg/dl to 99 mg/dl), an observation similar to our study. Ali et al. [20] in the retrospective study looked at GV in a septic cohort, with measures of SD, GLI and mean amplitude of glycemic excursion and came at a similar conclusion. Egi et al. [21] also studied SD as a measure of GV in a large cohort of 7,049 surgical patients and found it to be associated independently with hospital mortality.
The most important observation in our study is that GV is independently associated with increased ICU mortality. This effect was independent of hypoglycemia. Moreover, highest GV in the euglycemic range was associated with the highest mortality similar to observations of Krinsley and Ali et al. Variability could be related to patient factors such as increased insulin resistance or treatment of low blood sugar values with intravenous dextrose resulting in fl uctuations of glucose values. In our study, it is apparent that there were less risk associated when both hyperglycemia and hypervariability occur together and lowest risk with tight blood sugar control and least GV. However, it is less clear what was responsible for increased mortality with greater GV in patients with euglycemia.
In our cohort, the occurrence of hypoglycemia (<60 mg/dl) was 9.6%. The incidence higher as we have taken the cut-off of the blood glucose value of <60 mg/dl, compared to that of Egi et al. (7%) and of Van den Berghe et al. who found that 5.1% of patients who received strict glucose control and experienced at least one glucose value <40 mg/dl. In an observational study [13] the incidence of in moderately hypoglycemic group in the conventionally treated arm (blood sugar 40-70 mg/dl) was 15.8% and in severely hypoglycemic group (blood sugar <40 mg/dl) was 0.5%.
Advantages of our study is the large sample size of a heterogeneous critically ill patient, the prospective nature of the data collection, availability of all glucose values of the study cohort and protocolized insulin delivery. The study was conducted in a semiclosed ICU with mandatory intensivist consult. An ICU insulin protocol was utilized in all patients included in the study. Formal assessment of compliance was not collected during the study, which is a limitation of observational nature of the study.
The cohort included only patients with four or more venous glucose samples, so it excluded short stay who may either be less ill or very sick and died within a day, which are the patient subset unlikely to benefi t from glucose control. Standardized indices of GV like SD and GLI were analyzed and analysis of the study population after excluding hypoglycemic cohort in order to avoid a major confounder in previous studies. Hypoglycemia was the only confounder analyzed during the study similar to Krinsley paper. [12] Limitations of our study is of a single center study, absence of protocolized frequency of testing of blood glucose which will infl uence interpatient and intrapatient variability, predominant medical patient population and exclusion of cardiac and cardiovascular surgery patients. Glycemic ranges have been customarily divided into quartile. [12] GV matrices like SD and GLI are being divided into deciles and correlated with mortality. Each decile was tabulated to include approximately same number of patients. In a non-interventional study uniform frequency of blood glucose measurement could not be enforced. Another limitation of our study was that the diabetic patients were not separately analyzed as GV may have a different effect in this patient population. The fi ndings can be extrapolated to all critically ill patients irrespective of diabetic status as observed by Krinsley. It is conceivable a separate subset analysis of diabetics may yield different results. [12] Our study and others have firmly established the association of GV with ICU mortality though it is not clear yet whether this is an epiphenomenon or there is a causal relationship. In this study, single database was analyzed to provide three separate information. Firstly increasing GV was significantly associated with increasing mortality across the ranges of blood sugar (expressed in quartiles), secondly different matrices of GV (i.e. SD and GLI are comparable and thirdly GV has worst outcome in patients with sugar in the euglycemic range. These information were previously analyzed in different databases in separate papers. This study also adds to the growing literature of GV in ICU and is the fi rst study of its kind in Indian population. The mechanisms of GV are also not clear and the exact way in which it is detrimental to this patient population is yet to be explained. Pending further research in these fundamental aspects of glycemic control there is enough evidence now to support a policy of measuring some indices of GV in ICUs and apart from keeping MBG in a desirable range, insulin delivery should be protocolized to minimize the fl uctuation of blood glucose and should become a quality control measure in ICUs. In fact, there is an urgent need to device an insulin delivery protocol which not only keeps the blood glucose in the desirable range but also minimizes variability. GV indices should be reanalyzed in the database of the randomized studies of tight glucose control conducted so far to elucidate whether GV could have been a confounding variable in these studies. Further studies incorporating continuous glucose monitoring technology should be carried out to capture GV more accurately and fi nally a randomized, multicenter, study with adequate sample size of heterogenous critically ill patient and mortality as the outcome measure should be conducted with a goal of similar average glucose in both arms but an insulin protocol to favor decreased GV in one arm and present standard of care in the other. This type of study will shed more light on the causative nature of GV as an independent risk factor for mortality.
Conclusion
In summary, this study demonstrated that GV is associated with increased ICU mortality in a large heterogeneous cohort of ICU patients. This effect was particularly evident among patients in the euglycemic range. No prospective RCT to support it. No guideline has proposed it as a gold standard. There is growing evidence but one cannot stretch it too far !.
